Measurements of current fluctuations originating in electron devices have been largely used to understand the electrical properties of materials and ultimate device performances. In this work, we propose a high-sensitivity measurement setup topology suitable for the automatic and programmable Direct-Current (DC), Capacitance-Voltage (CV), and gate-drain low frequency noise characterization of field effect transistors at wafer level. Automatic and programmable operation is particularly useful when the device characteristics relax or degrade with time due to optical, bias, or temperature stress. The noise sensitivity of the proposed topology is in the order of fA/Hz 1/2 , while DC performances are limited only by the source and measurement units used to bias the device under test. DC, CV, and NOISE measurements, down to 1 pA of DC gate and drain bias currents, in organic thin film transistors are reported to demonstrate system operation and performances. C 2016 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Current-Voltage (IV) and Capacitance-Voltage (CV) measurements are the most common tools to investigate the electrical properties of classical and new electron devices. [1] [2] [3] In addition to IV and CV, low frequency noise measurements (LFNMs) have been extensively used for the electrical characterization of electron devices, especially for Field Effect Transistors (FETs). 2, 3 In this last case, the spectrum associated to the drain current fluctuations has been used to carry out an effective number of trap-density and to speculate about the physical origin of noise. 4 With respect to other device characterization methods (like IV and CV), Drain LFNMs have the major advantage of being not invasive as the device under test (DUT) is biased with a small amount of voltage drop, resulting in minor stress during measurement. Only recently (not induced), gate noise has been used to investigate material properties as a complementary tool to Drain LFNMs. Gate noise has the major advantage, with respect to drain noise, that it is sensible to defects located in the entire gate stack and not only close to the channel-oxide interface as is the case of drain noise. [5] [6] [7] [8] Moreover, the normally negligible gate current makes gate noise not invasive as is the case of drain noise. However, LFNMs have the principal disadvantage, with respect to IV and CV, of a more complex setup mainly due to the necessity to have sufficiently high-sensitivity instrumentation and a sufficient system shield. Moreover, LFNMs can be more time consuming and more affected by change in environmental conditions. For these reasons IV, CV, and Gate/Drain LFNMs are complementary tools for device characterization, and measurement setups including all these features are required. Several drain noise systems have been proposed in the literature in the past 5, [9] [10] [11] [12] [13] and different systems are used in research laboratories nowadays (like the BTA9812B noise system 14 ). While the level of sensitivity of such systems was sufficient in the past, when only above-threshold conduction was investigated, nowadays other problems like subthreshold conduction in FETs or leakage conduction in memory devices, such as Metal-Insulator-Metal Capacitors (MIMCAP) or Resistive Random Access Memories (RRAM), 15, 16 require the necessity to have more sensitivity noise systems. Other than sensitivity, another problem of measurement setups present in research laboratories is system integration. In fact, often, IV, CV, and NOISE tools are present as separate applications, while a comprehensive automatic and programmable system is required in many cases, for example, when the device characteristics relax or degrade with time. As an example, LFNMs can be used to monitor the bias/temperature stress of electron devices. In this case, fast and automatic switching between Direct-Current (DC) and NOISE operation is necessary, as well as the monitoring of DC and NOISE properties with time. Another example where the monitor with time and fast switching capability between DC and NOISE is necessary is related to Organic Thin Film Transistors (OTFTs), which have very high optical recombination time. This property causes a very slow relaxation of the IV characteristics after the device is illuminated to be contacted in the characterization system. In Ref. 17 , we have presented a high-sensitivity automatic and programmable measurement system for IV and NOISE characterization of Drain current fluctuations. In this paper, we extend the system proposed in Ref. 17 including CV and low frequency noise (LFN) characterization of gate current fluctuations. Since the system allows contemporary Gate and Drain LFNMs, gate-drain cross-correlation 18, 19 can be used to identify common causes of gate/drain current fluctuations. The general structure of the proposed system is presented in Section II, while CV, IV, and LFN operations are discussed in Sections III-V, respectively. As the drain section has been already discussed in detail in Ref. 17 , in this paper, we focus only on the improvements with respect to Ref. 17 , that is, CV and Gate NOISE operations. The actual implementation of the proposed system is reported in Section VI. In Section VII, CV and Gate IV/NOISE measurements in OTFTs 20 are reported in order to demonstrate system performances. Fig. 1 shows the block diagram of the proposed setup. The DUT is connected to the system by a wafer station (probe station), which is enclosed, for noise and light shielding, into a metal box connected to the system ground. The main components of the system are three Source and Measurement Units (SMUs), an LCR meter, two custombuilt Low Noise TransImpedance Amplifiers (LNTIAs), 21 and a personal computer (PC) based spectrum analyzer (SA). Programmable switches (SW-G, SW-S, SW-D) are used to connect DUT terminals to SMUs during DC operation, to the LCR meter during CV operation, and to LNTIAs during NOISE operation. All system operations (including switches position and Drain LNTIA gain) are controlled by a PC to allow automatic and flexible characterization procedures. The LCR meter must use the auto-balancing bridge method ( Fig. 2) with a bias input for the DUT. LNTIAs are used to convert gate and drain current fluctuations to voltage fluctuations, which are measured by the SA, increasing the signal-to-noise ratio (SNR) at its input. SMUs are used to bias and measure DC currents at the three terminals during DC operation, to provide the external bias to the LCR meter during CV operation, and to bias Gate and Drain LNTIAs during NOISE operation. As we will discuss in the following, this last feature allows to avoid the use of conventional low-noise battery-based bias systems and allows automatic and programmable operations under the main PC control.
II. SYSTEM DESCRIPTION

III. CV OPERATION
During CV operation (Fig. 2), connects the drain terminal to the LV (Low Voltage) terminal of the LCR meter, and the switch SW-S connects the source terminal to the LC (Low Current) terminal of the LCR meter. To provide the DC bias voltage to the DUT, the LCR meter is biased by the guard potential of the Gate SMU (V G ). Since the DC potential at the terminals HV and HC is equal to V G , and LV and LC are both at virtual ground, the DUT is connected, to the LCR meter, as a gated diode as shown in Fig. 2 . Both the LCR meter and the Gate SMU are controlled via PC bus so that programmable CV operation (voltage sweep) is allowed.
IV. DC OPERATION
During DC operation, the switches SW-G, SW-S, and SW-D connect Gate, Source, and Drain DUT terminals to Gate SMU, Source SMU, and Drain SMU, respectively, to set voltages and measure currents (see Fig. 1 ). In principle, switches introduce leakage due to resistive and capacitive conduction between their terminals. However, as explained in the following, the terminals of switches are guarded (at the same potential) in order to minimize their DC leakage during DC current measurement. In fact, regarding the measurement of the gate current and the switch SW-G, the potential at the terminals HV and HC is equal to V G , and since C AG prevents any DC current into the Gate LNTIA, no DC leakage current can flow between the terminals of SW-G. Since the LCR meter is fed by the guard of the Gate-SMU, the Gate-SMU sources (and measures) only the device DC gate current. However, the capacitance C AG produces a displacement leakage current, through SW-G, which is measured by the Gate SMU. For this reason, the gate current should be measured with sufficient delay time. Regarding the measurement of the drain current and the switch SW-D, the drain bias voltage (V D ) is applied through the Drain SMU, but the LCR meter terminal LV and the input of the Drain LNTIA are at virtual ground, so that the switch SW-D is affected by DC leakage during DC operation. For this reason, the channel current is read by the Source SMU (which is set to 0 V) because the terminals of the switch SW-S are both at virtual ground and no leakage current flows between them. In this situation, DC performances (accuracy, resolution, and dynamics) are limited only by the SMUs and not by the system topology.
V. NOISE OPERATION AND ANALYSIS
During NOISE operation, the switches connect the gate terminal to the Gate LNTIA, the drain terminal to the Drain LNTIA, and the source terminal to the Source SMU as shown in Fig. 3 . The channel bias (V DS ) is applied to the DUT through the Source-SMU since the drain terminal is at virtual ground through the input of the Drain LNTIA. However, the equivalent input voltage offset of OP-D causes a programming accuracy error in the channel bias so that calibration of the Source SMU voltage is required. The gate bias is applied through the Gate-SMU (C AG prevents any DC current flowing into the Gate-LNTIA). However, in order to take into account for the DC drop across R BG , during NOISE operation, the voltage of the Gate-SMU is set to R BG I G + V G where (I G ,V G ) FIG. 3 . System configuration during NOISE operation.
is the DC bias point measured during DC operation (a DC measurement precedes any NOISE measurement). Normally, batteries are used to bias the DUT during LFNM because they do not add significant noise. However, this approach does not allow accurate and automatic biasing as in the proposed configuration. Moreover, with the proposed configuration, the Source-SMU can record (measure) the channel current during NOISE operation. As discussed in Ref. 17 for the drain section, and as discussed in the following for the gate section, in the proposed configuration, SMUs do not add significant current noise in situations of common interest. The bias voltage dynamics is limited by the SMUs voltage dynamics and by the feedback resistor R FD . In fact, neglecting DC errors, the DC voltage at the output of OP-D is V out ≈ −R F I D where I D is the channel current. If |I D | is sufficiently high, the large voltage drop across the feedback resistor can bring OP-D in saturation. In the proposed setup, R FD can be automatically selected, using switches, to be sufficiently low to prevent DC saturation but sufficiently high in order to set the appropriate background noise (BN) level. 17 The drain low noise section has been discussed in detail in Ref. 17 . Fig. 4(a) shows the Gate LFN section during NOISE operation (the DUT represents the gate-to-channel impedance). As for the drain section, the Gate LNA core is realized as a conventional opamp-based transimpedance amplifier consisting of a low noise opamp (OP-G) and a feedback resistance R FG . The feedback capacitance C FG is the cumulative effect of the parasitic capacitance of R FG and of the layout parasitic capacitance. The decoupling capacitance C AG introduces AC coupling (high pass filtering). If the impedance of the DUT is much large than R BG , the AC cutoff frequency is f AC ≈ (2πR BG C AG ) −1 . In the following, we will consider the AC behavior in the frequency range f ≫ f AC , where C AG can be considered a short-circuit. Fig. 4(b) shows all relevant noise sources of the Gate-LNTIA in this situation. The DUT is represented with its equivalent (gate-to-channel) impedance Z DUT and a current noise generator i N,DUT , the opamp OP-G is schematized with its input current and voltage noise generators i N,OP-G and e N,OP-G , the Gate-SMU is represented by an ideal voltage noise source e N,GATE , the DSA board is represented by a voltage noise source e N,DSA , the bias resistor R BG is represented with its current noise generator i N,RBG , and the feedback resistor R FG is represented with its current noise generator i N,RFG . The capacitance C P represents the cumulative effect of the coaxial cable capacitance used to connect the gate to the LNTIA input, of the layout parasitic capacitance, and of the opamp input capacitance. The input referred current noise is
where Z DUT , Z P , and Z FG are the small signal AC impedances associated to the DUT, C P , and to the feedback impedance, respectively. The input referred power spectral density (PSD) S IN associated to i N is then
where I 
In Eq. (3), the range of "low f," "medium f," and "high f" is function of the parameters. In the "low f" range (typically ≪1 Hz), the BN is dominated by the flicker component of the voltage noise of the DSA, OP-G, and SMU Gate. At medium frequencies (typically 1-100 Hz), which is the typical measurement range, the BN is dominated by the thermal noise of the parallel R FG //R BG , so that both of them should be increased to minimize the BN. In this way also the low frequency BN reduces, including the current noise due to the gate bias (E 2 N,GATE /R 2 BG ). At high frequencies (typically >100 Hz), the BN increases, mainly due to the coupling between E N,OP-G and C P , limiting the useful measurement bandwidth. In order to reduce the high-f component of the BN, OP-G should have the lower voltage noise as possible, and efforts should be addressed to reduce C P using high-quality/short coax cables and reduce layout parasitic.
VI. SYSTEM IMPLEMENTATION AND VALIDATION
In the actual implementation of the proposed setup, the DUT is connected to the system by the probe station KARL SUSS PM5. Both the probe station and the low-noise sections are enclosed in metal boxes for noise shielding with respect to the system earth ground. Switches SW-G, SW-D, and SW-S are enclosed in the metal box together with the low noise sections. In order to minimize connection leakage, triaxial cables (in bold in Fig. 1 ) are used to connect the SMUs to the switches, and from the switch SW-S to the Source DUT terminal. Gate and drain connections from the LNAs metal box (switches SW-G and SW-D) to the DUT (probe station metal box) are done with very short connectors in order to: (i) reduce the influence of external interferences; (ii) reduce the effect of the connection capacitance at the input of the Gate and Drain LNTIAs. Moreover, the chuck of the probe station is left floating (isolated from the ground) to avoid leakage and capacitance from a possible bottom contact in the wafer.
A. LCR meter
The LCR meter is the model GoodWill LCR-8110G, which uses the auto-balancing bridge method (see Fig. 2 ). The sinusoidal test signal can have a maximum amplitude of 1 V, and the frequency can be selected in the range 20 Hz ÷ 10 MHz. The LCR-8110G allows to apply an external bias (up to ±200 V) to the DUT through the DC bias box model LCR-8000G. This feature allows to use a single SMU (the Gate SMU) to bias the DUT (gate) during DC, CV, and NOISE measurements as discussed in Secs. I-V. The LCR meter is interfaced to the PC through the IEEE 488 bus to allow automatic and programmable operations. We have measured, after calibration, a residual capacitance (RC parallel model) with standard deviation in the order of 1 fF.
B. Source and measurements units
We used three of the four SMUs of the semiconductor parameter analyzer HP4155B. SMUs apply voltage and measure current at the gate, drain, and source terminals and are controlled, by the PC, through the IEEE 488 bus. Fig. 5 of Ref. 17 shows the measured voltage noise PSD at the output of a generic SMU of the HP4155B. As discussed in Ref. 17 , the low f component of the Drain SMU current noise is autofiltered by the DUT impedance. On the other hand, since the gate voltage can have a large bias range (as in the case of OTFTs discussed later), the voltage noise produced by the Gate SMU can be much higher than the voltage noise produced by the Drain SMU, increasing the BN at the lower frequencies (Eq. (3)). From Eq. (3), this contribution can be reduced by increasing the value of R BG . In the proposed implementation R BG = 1 GΩ, and assuming a limiting maximum value of E 2 N,GATE = 10 −10 V 2 /Hz, the current noise produced by the Gate SMU would be
/Hz, which is much lower than the current noise produced by R BG itself (∼10 −29 A 2 /Hz). In summary, due to the particular topology, Gate and Drain SMUs do not add significant noise contribution in situations of common interest. This property allows the use of SMUs in place of conventional batteries.
C. Low noise sections
The Drain LNTIA has been described in detail in Ref. 17 . The Gate LNTIA (Fig. 4(a) ) is AC coupled to the gate terminal and is connected to channel 3 of the DSA board. The opamp OP-G is the model TLC070, while R FG = R BG = 1 GΩ. Since C AG = 2.2 nF, in common situations where the gate impedance is much higher with respect to R BG , the AC cutoff frequency is f AC = (2πR BG C AG ) −1 ≈ 0.1 Hz. Differently from the Drain LNTIA, the gate section has fixed and high transimpedance gain due to the low currents and noise expected at the gate terminal with respect to the drain terminal. The high transimpedance gain makes the DSA board noise (E 2 N,DSA ) usually negligible (Eq. (3)) so that a second (AC coupled) voltage gain stage is not necessary as it was the case for the Drain LNTIA. The switches are implemented with two separated relay modules (model SONGLE SRD-5VDC-SL-C). The low noise power supply for the LNTIAs is obtained by a couple of 6 V rechargeable lead acid batteries, providing ±6 V. The relay modules are powered with 6 V provided by the same battery group. Most of the power supply is required by the relay modules (∼80 mA/relay) so that, in order to reduce power consumption, when the system is in the idle state all relays are in their quiescent position. Batteries can be monitored and are recharged by the programmable power supply PS2521G, which is controlled, by the PC, through the IEEE 488 bus.
The input referred current PSD is calculated by dividing the measured voltage PSD by the transimpedance gain (|Z FD | 2 or |Z FG | 2 ). However, while the value of feedback resistance (R FD or R FG ) is known with high accuracy due to the use of high precision resistors, the value of the feedback capacitance (C FD or C FG ) is set by the layout parasitics and must be determined by proper measurements. In our realization we estimated, using the approach reported in Ref. 22 , a value of C FD ≈ 4.5 pF and C FG ≈ 5.4 pF. Fig. 5 (bottom) shows the Gate BN (gray plot) when the DUT is not connected to the measurement system. At low frequency, the Gate BN is due to the thermal noise of 500 MΩ (the parallel between R FG and R BG ) corresponding to ∼5 fA/Hz 1/2 , while at the higher frequencies, the BN increases due to the voltage noise of OP-G coupled with C P as expected from Eq. (3).
D. Spectrum analyzer
Spectrum analysis of measured current fluctuations is done by a common PC equipped with the DSA board model NI 4462, which has 4 independent acquisition channels with sampling frequency ( f s ) up to 200 kS/s. The system bandwidth is then limited to 100 kHz since the analog section has a higher bandwidth due to the use of large gain-product opamps (TLC070). Spectra are calculated via software using the periodogram Discrete Fourier Transform (DFT) algorithm. The software allows to specify all relevant acquisition parameters: bias voltages, sampling frequency, points per window, spectral window type, etc. As discussed in Ref. 23 , the accuracy error by using the DFT algorithm in 1/f γ measurements could be particularly relevant for the first spectral points and increases with γ. Moreover, the estimation error is a function of the spectral window. For this reason, the frequency resolution should be chosen sufficiently low with respect to the first spectral point of interest in order to minimize the systematic DFT estimation error. We have found in Ref. 23 that, for γ ≈ 1, discarding the first 4 spectral points and using the Hanning window allows to have a negligible estimation error using the DFT algorithm. The noise measurement procedure is fully automated. The software follows the bias list specified by the user. For each bias point, DC currents are measured, as well as other relevant DC parameters (like the transconductance) are calculated. The DC point is measured before and after each measurement. This could be useful to check for possible DUT degradation during the noise measurement. Moreover, DC point info are used to set the correct gate voltage during NOISE operation, as discussed in Section IV.
VII. DC, CV, AND NOISE MEASUREMENTS IN OTFTs
In order to demonstrate system performances, Gate DC, CV, and NOISE measurements in OTFTs 20 have been performed. Validation of the Drain IV and NOISE sections has been already reported in Ref. 17 . DC and NOISE measurements (Fig. 5 ) are related to a device with gate length L = 2 µm, gate width W = 70 µm, while the channel bias is V DS = −1 V (accumulation and linear regimes). Fig. 5 top shows the gate current vs. gate voltage and the gate instrumentation leakage for two different DELAY times. As stated in Section IV, the large measured leakage current is due to the capacitance C AG and can be reduced, if necessary, increasing the DELAY time at the cost of a higher measurement time. Fig. 5 -bottom shows the gate current noise PSD. The measured noise follows a 1/ f behavior at low frequency, while at higher frequencies (∼100 Hz), the measured noise is dominated by the BN due to the C P contribution as discussed in Sec. V. Due to the high sensitivity and low leakage of the proposed system, we were able to measure the Gate 1/f noise down to ∼1 pA of bias DC current. Fig. 6 shows the gate-to-channel capacitance as function of the gate bias measured in a larger area device (as is commonly done in device characterization) with L = 100 µm and W = 220 µm. The LCR-meter sinusoidal-test-signal has an amplitude of 1 V and a frequency of 1 kHz and the capacitance is calculated using the parallel RC model. The measured gate capacitance is in the order of 10 −12 ÷ 10 −13 F, which is much higher than the system residual capacitance (∼1 pF). 
VIII. CONCLUSION
In this work, we proposed a high-sensitivity measurement setup topology suitable for the automatic and programmable DC, CV, and Gate/Drain LFN characterization of FETs at wafer level. DC, CV, and NOISE measurements, down to 1 pA of DC gate and drain bias currents, in organic thin film transistors, have been reported to demonstrate system operation and performances. The system sensitivity is in the order of few fA/Hz 1/2 in the low frequency region and is much better than what reported by other authors.
5,9-13 For instance, the (commercial) noise system BTA9812B 14 used in many laboratories has a background noise level in the order of 0.5 pA/Hz 1/2 .
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